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Abstract

This thesis reports the experimental studies of cooling effect due to thermionic
emission of electrons over periodic barriers in a semiconductor multilayer
structures. The multilayer thermionic coolers investigated in this thesis, con
sisted of ten periods, each with 50 nm thick, undoped GaAs-Alo.07Gao.93As
barrier layers, surrounded by heavily doped n-GaAs cathode and anode layers
each with thickness of 100 nm.
Current-voltage (TV) characteristics of the devices were found to be non
linear, but symmetrical when under forward and reverse bias. They behaved
like Schottky diodes. In contrary, I-V characteristics of the substrates itself
(as a reference device) were non-linear, but highly asymmetric. They acted
like a p-n diodes.
Temperature measurements of the devices and substrates have not yet
shown any relative cooling exhibited by the multilayer thermionic coolers
designed in this thesis. The difficulty in measuring cooling of the devices was
due to the large Joule heating generated in the thick substrate.

111

Publications
Journal Papers
1. B. C. Lough, S. P. Lee, R. A. Lewis and C. Zhang, “Electronic thermal
transport and thermionic cooling in semiconductor multi-quantum-well
structures” , Computer Physics Communications, 142, 274-280 (2001).
2. B. C. Lough, S. P. Lee, R. A. Lewis and C.Zhang, ” Numerical calcu
lation of thermionic cooling efficiency in a double-barrier semiconduc
tor heterostructure” , Physica E: Low-Dimensional Systems and Nanos
tructures, 11, 287-291 (2001).
The following posters presented in conferences have been contributed
based on this work.
1. S. P. Lee, B. C. Lough, R. A. Lewis and C. Zhang, “Thermionic cool
ing of optoelectronics and microelectronics devices” , 2000 Conference
on Optoelectronics and Microelectronics Materials and Devices, 6-8 De
cember, 2000, Melbourne, Australia.
2. S. P. Lee, B. C. Lough, R. A. Lewis and C. Zhang, “Multilayer Thermionic
Cooling in Semiconductor Heterostructures” , 26th. ANZIP Condensed
Matter Meeting, 29 January - 1 February, 2002, Wagga Wagga, Aus
tralia.

IV

3. S. P. Lee, B. C. Lough, R. A. Lewis and C. Zhang, “Multilayer Thermionic
Cooling in Semiconductor Heterostructures” , Postgraduate Research
Students Day, University of Wollongong, 27 September, 2000.
4. S. P. Lee “Thermionic Cooling” , Postgraduate Research Students Day,
University of Wollongong, 18 October, 2001.

v

Contents

ACKNOWLEDGMENTS

i

ABSTRACT

iii

PUBLICATIONS

iv

LIST OF FIGURES

viii

LIST OF TABLES

xvii

1 INTRODUCTION

1

2 THEORY

7

2.1

Introduction....................................................................................

7

2.2

Thermoelectric Refrigeration........................................................

11

2.3

Thermionic Refrigeration..............................................................

18

2.3.1

The Vacuum Thermionic D evice......................................

19

2.3.2

Single-Barrier Solid-StateDevice

24

2.3.3

Multilayer D e v ic e s .........................

3 EXPERIMENTAL METHODS

vi

....................................

28

32

3.1

Thermoelectric Measurement.............................................................32

3.2

Thermionic Measurement............................................................... 33
3.2.1

Device Structures...............................................................

3.2.2

Experimental Method For Current-Volt age Measurement 41

3.2.3

Experimental Method For Temperature Measurement . 41

4 RESULTS AND DISCUSSION

33

.

46
©

4.1

Thermoelectric Measurement.............................................................46

4.2

Thermionic Measurement................................................................... 49
4.2.1

The First Generation MultilayerThermionic Coolers

. 56

4.2.2

The Second Generation Multilayer Thermionic Coolers

64

5 CONCLUSION

108

A

THERMOCOUPLES

112

B

TABLE OF PHYSICAL CONSTANTS

120

C PROPERTIES OF GaAs AND A l^G a^A s AT ROOM TEM
PERATURE
D

121

GaAs AND AlAs BAND STRUCTURE

BIBLIOGRAPHY

123
124

vii

List of Figures
2.1

A cross section of a typical thermoelectric (TE) cooler. It is
composed of two electrically conducting materials; one is ntype and the other p-type. They are joined at the top by a
metal (black bar) to make a junction........................................... 15

2.2

A potential energy diagram for an electron between two metal
surfaces with work function 4>. (a) The diagram where there is
no applied voltage, (b) The diagram where voltage is applied.

2.3

20

The efficiency (77) as a function of the applied voltage (eV) of a
vacuum thermionic refrigerator for the operating conditions of
T# = 300 K, T c = 260 K, and work function of the electrode
ecj) = 0.30 eV....................................................................................

2.4

23

Energy level diagram of a single-barrier thermionic cooling
device with applied bias, V. (¡)c and

are the barrier heights

in the anode and cathode respectively.......................................... 27
2.5

A schematic diagram of a multilayer thermionic device.

...

3.1

A schematic diagram of the experimental set up to test the
cooling and heating of a thermoelectric cooler............................ 34

viii

31

3.2

Schematic; diagram of a multilayer thermionic cooler based on
GaAs-Al0.07Ga0.93As semiconductor heterostructures................. 35

3.3

Mesa and metallization for the first generation device. The
dark circles are AuGe metallization. The diagram is not drawn
to scale..............................................................................................

3.4

37

Mesa and metallization for the second generation device. The
dark circles are AuGe metallization. The diagram is not drawn
to scale..............................................................................................

3.5

A schematic diagram showing how the wires are attached to
the thermionic cooling device and brass-block heat sink.

3.6

38

...

42

The experimental set up for current-voltage (TV) characteris
tic measurements of the thermionic cooling device. The dia
gram is not drawn to scale.................................

3.7

43

A schematic diagram of the experimental set up for temper
ature measurements of the thermionic cooling device.

The

black bars are the metallization of the device: the top bar is
AuGe metal and the bottom is InGa eutectic. The diagram is
not drawn to scale............................................................................... 44
4.1

Temperature as a function of time for a thermoelectric cooler.
The voltage applied is 4 V and the current is 1 A ......................47

4.2

Temperature as a function of time for a thermoelectric cooler.
The voltage applied is 8 V and the current is 2 A ......................48

IX

4.3

Temperature as a function of time for a single module ther
moelectric cooler. The current through the cooler is 1 A. The
graph demonstrates the thermoelectric module was operated
in heating mode....................................................................................50

4.4

Temperature as a function of time for a single module ther
moelectric cooler. The current through the cooler is 2 A. The
graph show the thermoelectric module was operated in heating
mode.

4.5

.............................................................................................

The thermoelectric module operated in heating mode. The
current injected to the module was 3 A ........................................

4.6

51

52

Temperature versus time for a single module thermoelectric
cooler.

The current through the cooler is 2 A. The graph

shows the thermoelectric module was operated in cooling mode. 53
4.7

The cooling curve for a single module thermoelectric cooler.
The current through the cooler is 3 A .......................................... 54

4.8

The cooling curve for a single module thermoelectric cooler.
The current through the cooler is 4 A ............................................. 55

4.9

Current-Voltage (I-V) characteristics of the first generation
devices. The diameter of the mesa are 2 mm, 3 mm and 6 mm,
respectively. The inset shows how the measurement was taken.

4.10 Temperature versus time for the first generation device. The
device was under forward bias (as shown in the inset) from
0.7 V to 1.20 V. The mesa diameter is 3 mm..............................58

x

57

4.11 Temperature versus time for the first, generation device. The
device wa.s under reverse bias (as shown in the inset,) from
0.7 V to 1.20 V. The mesa diameter is 3 rum..............................59
4.12 Temperature versus time for the first generation device. Tin'
mesa diameter is 3 mm. The graph shows both forward and
reverse bias of 0.70 V applied to the device.

............................

61

4.13 Temperature versus time for the first generation device. The
mesa diameter is 3 mm. The graph shows both forward and
reverse bias of 1.20 V applied to the device.................................62
4.14 Temperature difference against applied voltage for the first
generation device. The mesa diameter of the device is 3 mm.

63

4.15 The I-V characteristics for the second generation device la
belled A. The diameter of the mesa is 6 mm. The inset shows
how the measurement was taken...................................................... 65
4.16 Temperature as a function of time for second generation de
vice.

The mesa size is 6 mm (device A). The applied bias

to the device was 0.65 V. The graph shows both forward and
reverse bias........................................................................................... 67
4.17 Temperature as a function of time for the second generation
device. The mesa size is 6 mm (device A). The applied voltage
was 0.75 V. Both forward and reverse bias applied to the device
are shown here..................................................................................... 68

XI

'1.18 Temperature as a function of time for the second generation
device. The mesa size is G 111m (device A). The applied voltage
was 0.80 V. Both forward and reverse bias applied to the device
are shown here................................................................................. 69
4.19 Temperature as a function of time for second generation de
vice.

The mesa size is 6 mm (device A). The applied bias

to the top of the device was 0.90 V. The graph shows both
forward and reverse bias..............................................

70

4.20 The effect of thermocouple ernf depends on compressive stress
applied to the thermocouple, (a) large compressive stress, (b)
medium-large, (c) medium-less, and (d) less. The applied bias
to the device A was 0.9 V under forward bias. On-off current
mode is shown here, where the applied voltage was switched
on after ten seconds and switched off after a further thirty
seconds..................................................................

72

4.21 Repeating the experimental measurement as in Figure 4.21,
but, the reverse bias of 0.9 V was applied to the device, (a) to
(d) as defined in Figure 4.20.............................................................. 73
4.22 Repating the experiment on the effect of compressive stress of
thermocouple to the device as in Figure 4.20. The graph shows
hero the results for reverse bias of 0.7 V applied to device A.
(a) t,o (d) as defined in Figure 4.20............................................... 74

xn

4.23 As in Figure 4.22, but the forward bias of 0.70 V was applied
to the device.....................................................................................

75

4.24 Thermocouple emf versus time for device A under forward
bias varied from 0.5 V to 1.1 V. The graph shows the effect of
thermocouple emf when less compressive stress is applied to
the thermocouple. No spike in the thermocouple emf is observed. 76
4.25 Similar to Figure 4.24, but the reverse bias was applied to the
device..................................................................................................... 77
4.26 Similar to Figure 4.24, but in this case a large compressive
stress to the thermocouple was applied, and the device was
under forward bias...........................................................................

78

4.27 As in Figure 4.26, however reverse bias varied from 0.5 V to
1.1 V was applied to thedevice.....................................................

79

4.28 Comparison of how the compressive stress to the thermocouple
influences the temperature measurement of the device. The
graph shown here is device A under reverse bias of 1.1 V.
Only large compressive stress (a) and less compressive stress
(b) of thermocouple are shownhere...............................................

81

4.29 Temperature difference against input power for device A. The
measured unit for temperature difference is expressed in ther
mocouple emf........................................................................................82

xiii

4.30 Current-Voltage (I-V) characteristics for the second generation
devices labelled B (6 mm) and C (3 mm). The inset shows
how the measurement was taken................................................... 83
4.31 The graph of device B under forward and reverse bias of 0.9 V,
when the on-off current mode was applied to the device.

...

84

4.32 Temperature as a function of time for device B. The device
was under forward bias from 0.5 V to 1.1 V ................................86
4.33 Temperature as a function of time device B. The device was
under reverse bias from 0.5 V to 1.0 V .........................................87
4.34 Temperature difference against input power for device B. . . . 88
4.35 Thermocouple emf against time for device C (3 mm). Forward
and reverse bias of 0.9 V was applied to the device. The graph
shows the behaviour in on-off current mode................................ 90
4.36 Temperature as a function of time for device C. The device
was under reverse bias from 0.3 V to 1.0 V ................................. 91
4.37 Similar to Figure 4.36 but the device was under forward bias
from 0.5 V to 1.2 V ......................................................................... 92
4.38 Temperature difference as a function of input power for device
C........................................................................................................ 93
4.39 The I-V curve for substrate metallization labelled B (1 mm).The
inset shows how the measurement was taken..............................
4.40 Temperature as a function of time for the substrate labelled
B. Forward bias of 0.50 V to 1.20 V was applied........................95

xiv

94

4.41 Temperature as a function of time for the substrate labelled
B. Reverse bias from 0.2 V to 0.8 V was applied........................ 96
4.42 Temperature difference against input power for substrate B.

. 97

4.43 Temperature difference as a function of current for substrate B. 98
4.44 The I-V curve for substrate metallization labelled A (6 mm).
The inset shows how the measurement was taken...................... 100
4.45 Thermocouple emf versus time for substrate A under reverse
bias from 0.3 V to 0.7 V. . ............................................................ 101
4.46 Thermocouple emf versus time for substrate A under forward
bias from 0.4 V to 1.1 V ....................................................................102
4.47 Temperature difference against input power for substrate A
for both forward and reverse bias.................................................... 103
4.48 Temperature difference as a function of current for substrate
A. The graph shows the results for both forward and reverse
bias....................................................................................................... 105
4.49 The TV curve for the substrate via two metallizations on the
top of the substrate. The inset shows how the measurement
was taken.............................................................................................106
4.50 I-V curves for different devices labelled A, B and C. The mea
surements were taken with one contact to the top of the de
vices and the second contact to a metallization on top of the
substrate, as shown in the inset....................................................... 107

xv

A.l

A simple thermocouple circuit. T l is the temperature at the
thermoelectric junction and T2 is the temperature at the terminus connections............................................................................... 113

A .2

Illustration of the lawof intermediate materials............................ 117

A.3 A thermoelectric circuit illustrates the application of the law of
intermediatematerials. T2 is the reference temperature keeps
at 0 °C in the ice bath............................................... ......................118
D .l

Band structure for the definition of the various direct and
indirect bandgaps................................................................................ 123

xvi

List of Tables
3.1

The size of mesas and their metallization for first generation
samples...........................................................................................

3.2

The mesas size and their metallization for second generation
samples...........................................................................................

4.1

39
40

The relationships between current-injection to the top of the
device and the compressive stress applied to the thermocouple
for device labelled A

.................................................................

XVII

85

Chapter 1
IN TR O D U CTIO N
With the increasing trend towards faster and smaller electronic and opto
electronic devices, efficient heat removal or thermal design is increasingly
becoming an issue of critical importance. For instance, fiber optic commu
nication systems have shown tremendous progress, with Terabit per second
information transfer capacities realized for a single fiber. These advances
have been possible with the advent of dense-wavelength-division multiplex
ing (DWDM), where the spacing between adjacent wavelength can be from
100 GHz to 25 GHz (Yamada et ai., 1999). With these wavelength spacings,
one needs temperature stability in a typical semiconductor material of the
order of 0.1°C to prevent excessive lost in multiplexers, or crosstalk inter
ference. While such requirements can be met with existing thermoelectric
(TE) coolers, the cost of optical packages with thermoelectric coolers is much
higher than uncooled packages, and a cost effective, integrated approach is
preferred (Rushing et a l, 1997). Furthermore, with the recent development
of higher-density chips for computers, heat dissipation again becomes an im
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portant factor in maintaining device speed and reliability. By heat dissipation
or cooling, it is possible to maintain a given microelectronic source of heat
at a predetermined steady-state operating temperature. For such devices,
a small scale integrated coolers are desired. Thermoelectric devices are, in
principle, suited to being such coolers but their problems of integration with
microelectronic devices, and their low efficiencies have limited their applica
tions. An alternative method, that is all solid-state coolers integrated with
devices, are an attractive solution for solving thermal management problems.
That means alternatives to thermoelectric cooling using bulk materials such
as bismuth telluride (Bi2Te3), the current industry standard, must be ex
plored. A new method of cooling based on thermionic emission of electrons
has been proposed by Mahan (Mahan, 1994).
The principle of thermionic cooling is simple. Consider two parallel metal
plates, acting as electrodes, separated by a small distance. The electrodes are
at different temperatures, one end is cold and the other end is hot. Applying
a voltage will encourage electrons to flow from the cold side to the hot side
through the vacuum gap, causing the cold plate to become colder.

The

two plates are connected by a power source, which gives current between
the electrodes, and returns electrons to the cold side at the energy of the
chemical potential. The returned electrons carry negligible heat. This is the
original concept of thermionic cooling by Mahan. With a suitable value of
the work function of the metal electrodes, the efficiency of the thermionic
refrigerator is said to be higher than any other known refrigerator (Mahan,
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1994).
In Mahan’s original model, however, to get the cooler to work at room
temperature, the metal electrodes.must have a low work function, 0.3 eV
or less. Unfortunately, there is no known material with this low work func
tion value at room temperature. The lowest value reliably reported at room
temperature is 0.9 eV, which is for silicon with caesium oxide on the sur
face (Levine, 1973). Langmuir (1923) showed that a low value cannot be
attained, unless the space gap is very narrow.

As the work function be

comes smaller, the electrons are thermally excited from the electrodes into
the vacuum region. These electrons will form the space charge region in the
vacuum gap, which creates an additional repulsive potential. This “repulsive
potential” depends on the distance between the electrodes (Mahan, 1994).
It becomes smaller as the electrode separation is reduced. In order to have a
barrier of 0.3 eV, the gap must be in the range of a micrometer. This vacuum
gap has been discussed by Mahan for thermionic refrigeration (1994).
As mentioned above, the low work function of metal electrodes is essen
tial for a vacuum thermionic device to work at or near room temperature.
Although suitable materials for metal electrodes with low work functions
have not yet been found, more recently, Huang and Dye (1990) reported a
work function of 0.4 eV in alkalides and electrides material at temperature of
—80 °C. However the reported currents were only picoamps per centimeter
squared, and the current lasted only a few seconds after a fresh surface was
made. This organic material degrades within an hour of being made. There
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fore, it is not a suitable material for thermionic refrigerator. Nevertheless,
some researchers still develop this electrode and its use in refrigeration has
been patented (Edelson, 1997).
The latest development of the thermionic cooler is as all solid-state de
vices. At the interface between two different materials there is normally an
energy barrier to the flow of electrons. These “non-ohmic” contacts are po
tentially useful in the development of a solid-state thermionic cooler. Typ
ical examples of these “non-ohmic” contacts are the band offsets between
different semiconductors, or the Schottky barrier between a metal and semi
conductor. Barriers of the order of 0.3 eV are quite easy to achieve with
the current advanced growth techniques such as Molecular Beam Expitax
ial (MBE) and Metal Organic Chemical Vapor Deposition (MOCVD). After
following Mahan’s original suggestion of a vacuum device (1994), there were
numerous suggestions of periodic barriers in a multilayer solid as a means of
filtering all electrons except the most energetic ones (Rowe and Min, 1994;
Whitlow and Hirano, 1995; Bogomdov et al., 1995; Moyzhes, 1996; Shakouri
and Bowers, 1997; Mahan and Woods, 1998; Mahan et al., 1998: Shakouri
et al., 1998, 1999; Zhou et al., 1999; Nolas and Goldsmid, 1999).

These

proposals have resulted the all solid-state thermionic devices currently being
constructed and tested.
By using solid-state barriers between the conducting electrodes, the ther
mal conductivity of the barrier allows vibration heat to flow back from hot to
cold side of the cooler. These thermal losses are much larger than those for
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radiative heat transfer. This resulted in very large current densities required
to overcome the heat losses due to phonons. However, these thermal losses
can be reduced by having the thermal conductivity of the barrier as small as
possible. In recent years, there have been many papers published on the ther
mal conductivity of semiconductor superlattices for conductivity along the
layers, and also perpendicular to the layers ( Chen et a/., 1994; Capinski and
Moris, 1996; Lee et a/., 1997; Venkatasubramanian et a l, 1999; Hyldgaard
and Mahan, 1997; Chen and Neagu, 1997; Tamura et al, 1999; Simkin and
Mahan, 2000). Measurements of thermal conductivity of superlattices per
pendicular to the layers show that the value can be less than the alloy of the
materials in the superlattice. Theory and experiment also show that there
is a minimum in the thermal conductivity when it is plotted against super
lattice period (Venkatasubramanian et a/., 1999; Simkin and Mahan, 2000).
Very small values of the thermal conductivity are required if one would like to
make the thermionic cooler relatively efficient. The minimum in the thermal
conductivity as a function of superlattice period occurs at barrier thicknesses
of 3 to 5 nm. These value are too small for use in thermionic refrigeration.
A more detailed explanation of the requirements of thermionic cooling will
be given in the following chapter.
Experimentally, Shakouri and his co-workers have constructed semicon
ductor multilayers for use as thermionic coolers (Shakouri and Bowers, 1997;
Shakouri et a l, 1999; Zeng et a l, 1999). The thermionic cooler of the Shak
ouri group in a single-barrier heterostructure, which consisting of a 1 ¡im
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InGaAsP barrier between a 3 /¿m cathode and 0.5 [im anode, both made
from n-InGaAs, have given a cooling of 0.5 °C at room temperature of 20
°C. They also reported 4 °C of cooling in Si/SiGe superlattice barrier devices
(Fan et a/., 2001a; 2001b; 2001c). Nevertheless, they claimed that cooling
through 10 K should be possible with an improved design, and their the
oretical prediction is that a temperature difference of up to 40 K can be
achieved.
The purpose of this thesis is to study experimentally multilayer thermionic
cooling in semiconductor heterostructures, by following the theoretical work
proposed by Mahan (Mahan et a l, 1994). The multilayer structure of al
ternate layers of gallium arsenide (GaAs) and aluminum gallium arsenide
(AlGaAs) was chosen. The material is a promising candidate for high speed
electronic and optoelectronic devices because the lattice parameter difference
between GaAs and Al^Gai-^As is very small, which allows the conduction
band-edge to be easily tailored for specific applications.
The outline of this thesis as follow: In chapter 2, the background of ther
moelectric cooling is first presented, follow by the basic physics of thermionic
emission of electrons and its relevance for use in thermionic cooling. In chap
ter 3, the experimental methods are presented. The results of the experi
mental work will be discussed in chapter 4. In chapter 5, a summary of the
thesis will be presented.
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Chapter 2
TH E O R Y
2.1

Introduction

Solid-state energy conversion technologies such as thin-film thermoelectric
and thermionic refrigeration and power generation have attracted consider
able attention recently because of their potential high efficiency (Mahan and
Woods, 1998; Mahan et a/., 1998, Shakouri and Bowers, 1997; Shakouri et
a/., 1998, Shakouri et a l, 1999; Hick and Dresselhaus, 1993; Hicks et a l,
1996; Harman et a l, 1996; Venkatasubramanian and Colpitts, 1997). Both
the thermoelectric and thermionic effects are not new. They were discovered
by Thomas Seebeck in 1823 and by Thomas Edision in 1883, respectively.
These thermoelectric and thermionic effects have only been seriously ex
ploited during the second half of the 20th century. In the thermionic case,
the application for refrigeration was not realized until 1994 by Mahan.
The principle of thermionic refrigeration or generation is similar to ther
moelectric case. Thermoelectricity can be explained by Peltier heat exchange.
It is a thermodynamically reversible process (as opposed to Joule heating);
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either cooling or heating can be produced depending on the direction of the
current. For instance, when hot electrons from the emitter pass through the
barrier layer (or vacuum space) to the collector, and they can flow back to
the emitter through an external load, this will generate electricity. This is a
generator. If the cycle inverted, a refrigerator is created. The primary differ
ence between thermoelectric devices and thermionic devices is the electrons
travel ballistically through the barrier region in thermionic devices, whereas
in thermoelectric devices electrons travel diffusively through the barrier re
gion. This distinction is easily recognized when one compares the flow of
current in a vacuum diode with that in a bulk semiconductor. Ballistic flow
of current can also take place in the solid state, and it is possible for diffusive
effects in a semiconductor to give way to thermionic effect when the effective
length between two barriers becomes very small (Mahan et a i, 1998).
The advantages of using thermoelectric and thermionic processes in gen
eration or refrigeration devices are they have no moving parts, therefore, they
potentially much less prone to failure. Also, these devices completely elimi
nate the need for bulk fluids (liquids or gases like chloroflurocarbons (CFCs)
or hydrochloroflurocarbons (HCFCs)).

Thus, they pose no environmental

problems.
The theory of the thermoelectric effects in semiconductors was well es
tablished. Major uses for thermoelectric devices include cooling laser diodes
and electronic coolers for picnic baskets. They can also be used as electri
cal generators when a source of heat is present. However, presently, the use
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of thermoelectric devices is limited by their low efficiencies. The efficiency
of a refrigerator, for example, is expressed by the coefficient of performance
(COP). This is the amount of cooling divided by the electrical energy input
needed to obtain that cooling.

The laws of thermodynamics state that a

maximum efficiency, called the Carnot efficiency, cannot be exceeded. The
coefficient of performance at Carnot efficiency is just ^coid/{^hot-^coid), where
T hot and T « ^ are the temperatures of the ambient environment and of the
coldest part of the refrigerator, respectively. Currently, thermoelectric de
vices operate at about 10% of Carnot efficiency. With this efficiency, thermo
electric devices are particularly useful when rapid on-off cycling is required
at small temperature differences. Morever, thermoelectric devices are used
when the efficiency is a less important issue than small size, light weight or
high reliability. However, there is no known limit to the potential efficiency
of a thermoelectric device, except for the Carnot limit.
The efficiency of a thermoelectric device is determined by the materials
used in making the device, and therefore the current focus of research is
on finding better materials. If high efficiency can be obtained and if new
materials can be made at reasonable cost, it would revolutionize the cooling
industry.
In recent years there has been a resurgence of interest in improving the
performance of thermoelectric devices (Mahan et al., 1997; Tritt et al., 1997;
Mahan, 1998).

One approach is to find new materials, another approach

is to improve the performance by using quantum wells, quantum wires, and
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superlattices of known thermoelectric materials (Hicks and Dresslhaus, 1993;
Harman et a l, 1996; Sofo and Mahan, 1994; Broido et a/., 1997; Hicks et a/.,
1996; Venkatasubramanian and Colpitts, 1997). The important parameter of
a thermoelectric is its material figure of merit, which is denoted by the symbol
Z. It is defined as Z — crS2/K , where a is the electrical conductivity, S is the
Seebeck coefficient, and K is the thermal conductivity. The figure of merit
has the dimensions of inverse temperature, so that Z T is dimensionless, where
T is the absolute temperature. This dimensionless value of ZT is the main
parameter to determine the usefulness of thermoelectric materials in energy
conversion (Ioffe, 1957; Goldsmid, 1986; Rowe, 1996). This dimensionless
figure of merit will be discussed in more detail in the next section of this
chapter.
An alternative method for refrigeration is to use thermionic emission of
electrons. Ioffe in 1957 discussed what he called “vacuum thermoelements
” . Since one of the major factors restricting the value of the figure of merit
is heat conduction by the lattice, it would be of great advantage to have
the charge carriers moving in a vacuum. The problem, however, is to main
tain a free-electron gas that is sufficiently dense at ordinary temperatures.
Ioffe realized this and with materials known at that time, was forced to the
conclusion that vacuum thermoelements would only be effective at high tem
perature; that is, they are useful for generation, rather than for refrigeration.
In 1994, Mahan gave a theoretical study of thermionic refrigeration, and like
Ioffe, had to admit that it was not practical at room temperature because of

10

lack of materials having low work functions. Now there are materials with
work functions as low as 0.2 eV (Dye, 1993). These low work function ma
terials are electrides, and even though they are said to be unstable at room
temperature, their use in thermionic refrigeration has been reported (Knott,
1998). Thermionic refrigeration at ordinary temperatures will present cer
tain practical problems, even if satisfactory cathode materials are developed.
Nevertheless, the technique offers prospects for a substantial improvement in
coefficient of performance. This will be discussed in the later section of this
chapter.
In this chapter, the basic theory of thermoelectric refrigeration will be
presented, follow by the theory of thermionic refrigeration, in which both
thermionic vacuum devices and solid-state thermionic devices will be dis
cussed.

2.2

Thermoelectric Refrigeration

The flow of current that gives rise to the thermoelectric effect is diffusive,
and it based on transport phenomenon. The following equations are used to
describe thermoelectric devices (Mahan, 1998):
J = a(E — SVT)

(2.1)

JQ = aSTE - K 'V T

(2.2)

where
J is direct-current transport, in A /cm 2,
11
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Jq is heat current, in W /cm 2,
E is the electrical field, in V/cm ,
a is the electrical conductivity, in (D.cm)~] ,
T is the temperature, in K,
S is the Seebeck coefficient, in p, V /K ,
K ' is the thermal conductivity, in W /m .K at zero electric field.
For thermoelectric applications, equation (2.2) has to be modified. By
introducing the electrical resistivity p = 1/a , first multiply (2.1) by p and
rewrite equation (2.1) as E = Jp + SVT, then substitute this for E into (2.2)
giving the following expressions:

JQ = S T J - I < V T

K

=

K ’ (1

Z' =

-

o S 2/

(2.3)

Z ’T)

(2.4)

K ‘

(2.5)

Z = a S 2/ K = Z ' / { \ - Z 'T )

(2.6)

Equation(2.3) is the basis of refrigeration because the heat current can
be driven by an electrical current. In this process, the Seebeck coefficient,
S is an important role. Z and Z ' in the above equations are the figure of
merits of thermoelectric materials. They have dimensional units of inverse
temperature, so that ZT and Z'T are dimensionless, and they are usually
used in describing figure of merit. Z ‘ is bounded by inequality Z’T < 1, but
Z T can be larger than 1. Bounds on ZT are much debated and have been
reviewed (Littman and Davidson, 1961; Simon, 1963; Ritner and Neumark,
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1963).

Most materials used in current thermoelectric devices have values

of ZT of unity.

It is to be noted that the Seebeck coefficient can have

either positive or negative sign. If the conducting elements are electrons,
then the sign is negative. Actual thermoelectric devices, which are mostly
semiconductor materials, have almost equal numbers of electrons and holes.
For modelling the actual devices, equations (2.1) and (2.3) are solved
using the case where heat flows along a bar.

This geometry is used for

simplicity. The equation of continuity relates the charge density p to the
electrical current J:
Sp
SJ
n
St + S x ~ °

(2.7)

For steady-state, the first term in (2.7) is zero because it is a derivative
with time. Therefore, the remaining current density J is a constant. Since
the transport coefficients such as ¿7 , 5 and K depend on temperature, a
simple approximation is assumed that they are independent of temperature.
Domenicali’s equation (1954) for conservation of energy is used together with
equations (2.1 ) and (2.3) to solve for V^x), T(x), and JQ(x). If coefficients
are independent of temperature,
0 = p J2 + K V 2T

(2.8 )

where pJ2 is the term for local Joule heating. Solving equation (2.1), (23)
and (2.8) for a bar of length L, assuming T(0) = Tc and T (L )= TH,
T (x) = Tc + j A T + ^ x ( L - x)
JQ(x) = SJT(x) -

- pJ2(^ ~ x)
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(2.9)
(2.10)

^ ^

~

~L

^

+ "9 'j -

X(L ~

x)

A T = Th - Tc

( 2. 11)

2 12)

( .

These equations can be used for modelling actual devices. In the refrig
erator, the efficiency is defined as rj = JQc/P, where JQc is the rate of heat
removed from the cold source, that is JQc = JQ(0). P is the input power and
has a form of J( pJL-f SAT). The efficiency can be optimized by varying J.
The maximum efficiency is called the coefficient of performance (COP) and
is defined as:
(2.13)
where 7 = V l + Z T , T = ~(TH + Tc)
In (2.13), the COP value is increased by increasing figure of merit, Z. All
thermoelectric research is focused on finding materials with a high value of
figure of merit Z.
A schematic of a thermoelectric cooler is shown in Figure 2.1. Currently
available devices are made by joining two doped semiconducting materials
together, one n-type and the other p-type. If a current flows from n-type
material to the p-type material, the dominant carriers in both materials
(negatively charged electrons in n-type, and positively charged holes in ptype) move away from the junction and carry away heat.
therefore, becomes cold.

The junction,

If the junction is instead heated, both types of

carriers conduct heat to the cold junction and a voltage difference is generated
at the two base electrodes.

This inverted cycle becomes a thermoelectric

HEAT REJECTED (HOT JUNCTION)

+

D. C. SOURCE
Figure 2.1: A cross section of a typical thermoelectric (TE) cooler. It is
composed of two electrically conducting materials; one is n-type and the
other p-typc. They are joined at the top by a metal (black bar) to make a
junction.

generator.
The most important and best materia] available today for thermoelectric
devices is bismuth tellurides (Bi2Te3). jI, is used in all devices that operate
near or at room temperature. It is usually alloyed with antimony tellurides
and selenides. As mentioned above, the performance of thermoelectric device
is quantified by a figure of merit, ZT , where Z is a measure of a material’s
thermoelectric: properties and T is the absolute temperature. A high figure of
merit for thermoelectric materials is important for improving thermoelectric
cooler efficiency. The best materials available today, which have' ZT of about
1, are alloys of antimony and bismuth tellurides with traces of other elements
to dope the semiconductor. These materials only operate at 10% of Carnot
efficiency. If Z T is infinite, 100% of Carnot efficiency can be achieved, but
this limit is not essential for new technological uses. If the thermoelectric
devices can achieve Carnot efficiency of 30% (comparable to domestic re
frigeration), they are suitable for use in many applications. To reach this
efficiency, ZT has to increase by a factor of 4, but this value still remains
a challenge for thermoelectric researchers. The difficulty in achieving ZT
greater than 4 is in fully understanding the behaviour of electrical carriers in
crystalline solids, based on quantum mechanics.
The theory of thermoelectric semiconductors has been available for more
than fifty years; the important parameter in this theory is the electronic band
structure. The determination of band structure is very complex. Recent ad
vances in determining band structures is based on density functional theory
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(Dreizler and Gross, 1990), and modern computer simulation gives quite ac
ceptable results.

The crystal structure of the material plays a significant

role in band theory. Many new materials, such as tenary and quaternary
compounds, adopt new structural types, making it difficult, t.o predict, be
forehand their crystal structure.

Without knowledge of crystal structure,

the electronic band structure cannot be calculated. Fortunately, in recent
years progress in synthetic methods and especially in structure determina
tion by X-ray diffraction allows more complicated materials to be studied for
thermoelectric devices. Advanced techniques such as atom-by-atom control
of the growth of artificially structures or compositionally graded materials,
and the modern computational capabilities which allow rapidly calculation
of the electronic band structure, have increased the chances of developing
improved thermoelectric materials.
The focus of current thermoelectric research is to increase the thermo
electric figure of merit. Several approaches to enhancing ZT have been pub
lished.

In bulk materials, cage-like structures simulating a phonon glass

electroii crystal have been investigated by reducing lattice thermal conduc
tivity without a deterioration of the electron mobilities (Slack and Tsoukala,
1994). A value of ZT >1 in LaFe;!CoSb;12 was reported at temperature T
>700 K (Sales et a/., 1996) and this is due to reduction of lattice thermal
conductivity from La-filling (Mandrus el a/., 1997). A ZT aiourid L.lo was
reported for the skuterrudite CeFe3.sCoo.sSb^
(Fleurial et al., 1996).

i

temperatuie aiound 900 K

Thiu-fili]i thermoelectric, materials have been investigated recently for ZT
enhancement (Tritt et a/., 1997). One is using quantum confinement effects
to obtain an enhanced density of states near the Fermi energy (Micks and
Drcsselhaus, 1993). A ZT of 0.9 and 2.0 at 300 I\ and 550 1\ respectively
has been reported by using such effect in PbSeo.98Teo.02/PbTe quantum dot
structure (Harman et a/., 1999). Another approach involves phonon-blocking
electron transmitting superlattices, which utilize the acoustic mismatch be
tween the superlattices components to reduce lattice thermal conductivity,
rather than using the conventional alloying approach, which eliminating al
loy scattering of carriers (Lee et at, 1997). A ZT at 300 K of about 2.4
in p-type I^Tey/SbaTea superlattic.es has been reported recently (Venkatasubrarnanian, et al., 2001). This is achieved by controlling the transport of
phonons and electrons in the superlattices.
The search for better thermoelectric materials, and thus enhancement of
the material figure of merit, has recently accelerated due to advances in mate
rials synthesis techniques, and in computational capabilities. However, their
applications near and at room temperature, as well as their manufacturing
cost, still need to be improved.

2 .3

T h erm io n ic R efrigeration

This section is about the basic physics of thermionic refrigeration. A vacuum
thermionic device is discussed first, Then, the solid-state thermionic devices
for both single barrier devices and multilayer devices will be examined.

2.3.1 The Vacuum Thermionic Device
A thermionic device consists of two parallel metal plates separated by a small
distance. One metal plate is cold, and I,lie other one is hot,. The two metal
plates can be identical or different. Their work functions can be equal or
unequal. Figure 2.2 is a potential energy diagram for an electron between
two metal surfaces with equal work functions, 0 , of the cathode (left-hand
side) and the anode (right-hand side). The space between the parallel metal
plates is vacuum or filled with a dilute gas. The potential has a constant
field here. Tin? two horizontal lines are the chemical potentials for the two
metal plates, which act as electrodes. An electron can jump between the
two metal plates by thermal excitation. If the temperature at the cathode
is higher, then there is a net electron flow from the cathode to the anode. If
the two metal plates are connected to an external load, a thermionic gener
ator is created. If the electrical current flows back from anode to cathode,
a thermionic refrigerator is formed. Mahan (1994) gave a theoretical treat
ment of thermionic refrigeration. He considered the case of different work
functions for cathode and anode. In this discussion for simplicity, the two
work functions for cathode and anode electrodes are assumed to be equal.
The basic equation for thermionic emission is based on Richardson’s equa
tion for the current emitted by a metal surface with work function c/> at a
temperature T, that is
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(a) WITHOUT VOLTAGE

HOT SIDE
METAL

COLD SIDE
METAL

(b) WITH VOLTAGE

Figure 2 .2 : A potential energy diagram for an electron between two metal
surfaces with work function <t>. (a) The diagram where there is no applied
voltage, (b) The diagram where voltage is applied.
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where Jn is the emitter current density and subscript, n is denoted a
particular electrode. A is Richardson’s constant, and defined as

which

is equal to 120 A cm-2 I<~2. When a positive voltage of V is applied, the
potential energy diagram will change from Figure 2.2(a) to Figure 2.2(b).
Electrons flowing from cathode to anode need an energy e</>. On the other
hand, for electrons to go from the anode to cathode, they require energy of
e((j) + V) to pass through the barrier. Therefore, the total electrical current
density that flows in the space between the electrodes is
J = Jc ~ J h = A

(2.15)

Positive current is defined as electrons flow from cold to hot electrode.
At zero applied voltage, J is negative, since JH > Jc if 7# > Tc . Now the
cooling effect of the current can be determined. The electrons that leave the
cathode require a certain amount of energy to do so. This energy consists
of a potential term equal to (j) and a kinetic term equal to 2kb T. Therefore,
when the electrons leave the cathode, this electrode loses heat at the rate Qj
per unit area, where Q j is given by

Qj

—

J

(j) + 2ksT
e

(2.16)

The rate of energy per unit area is defined as power, and is given by
P^JV

(2.17)

Since the space between the electrodes consists of a vacuum, there is no
heat transfer by conduction or convection, but thermal radiation will take
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place, which causes heat to flow from the hot, electrode to the cold electrode.
The rate of radiation per unit area is given by

Qr =

- Tc)

(2.18)

where e is the thermal emissivity of the electrode surfaces, and a is the
Stefan-Boltzmann constant. The negative sign indicates that thermal radi
ation opposes cooling of the cathode. Mahan (1994) showed that the heat
current, Jq in units of Watts per centimeter squared is:

gJq

= \e(j) -f- 2kBTc\Jc ~ [g4>+ 2kBTH]JH -f (j [Tq - Tfj]

(2.19)

The first two terms are the total heat current due to thermionic emission.
The last term is the radiative transfer of energy from hot to the cold electrode.
To get any net cooling, the first two terms must be larger than the radiative
losses. Equation (2.19) is used to modelling the vacuum device.
The Carnot efficiency of a refrigerator is defined as the heat leaving the
cold electrode Jq divided by the input power:
v(V ) =

(2.20)

Figure 2.3 shows the efficiency as a function of the applied voltage V. If
Tj-i = 300 K, Tc = 260 K and ecj) = 0.3 eV, then the maximum efficiency is
above 5.0. Comparing this value to the domestic refrigerator based on freon
compressor, which has a maximum efficiency of 1.5, and to the commercial
thermoelectric: devices, which have an efficiency of 0.7, the thermionic refrig
erator is more efficient. However, the calculated curve is only true when the
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6 -1

eV
Figure 2.3: The efficiency (77) as a function of the applied voltage (eV) of a
vacuum thermionic refrigerator for the operating conditions of T H — 300 K,
T c = 260 I<, and work function of the electrode e(j) = 0.30 eV.
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materials have a work function as small as 0.3 eV. If work function of 0.9 eV
is used, then there is no cooling since the radiative losses are larger than the
thermionic currents.
The effect of space charge in the vacuum region is another area where the
thermionic vacuum device will have practical difficulties. At any time, there
will be a substantial concentration of free electrons between the electrodes.
They will tend to form a barrier that opposes emission from the cathode.
This problem has been discussed in some detailed by Mahan (1994), and he
concluded that, for a device working at temperature of 700 K, the space
charge effect can be overcome only by reducing the distance between the
anode and cathode to about 1 mm or less. The space charge problem be
comes more acute as the temperature is decreased. If the vacuum device is
to operate near room temperature, then it is required that the anode and
cathode be very close together, and a special technique will be needed to
maintain the necessary separation. However, such a technique has not yet
been developed.

2.3.2 Single-Barrier Solid-State Device
The lack of electrodes with low work functions and the space charge problem
in the vacuum region makes the vacuum thermionic device unworkable. An
all solid-state device, therefore, is considered. The advantages oi solid-state
thermionic devices are that the main problems associated with the vacuumbased device can be overcome.

Firstly, the barrier heights in the anode
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and cathode can be established at, any desired value. This is determined
by the band-edge discontinuity between semiconductor heterolayers, and can
be achieved by the precise control of layer thickness and composition using
techniques such as molecular beam epitaxy (MBE) or metal organic chem
ical vapor deposition (MOCVD) in conjunction with band gap engineering
applied to various material systems, such as GaAs/AlGaAs, InP/InGaAsP
and Si/SiGe. Depending on the growth constraints and the lattice mismatch
between materials, the barrier composition can be graded to produce in
ternal fields and to enhance electron transport properties. Secondly, close
and uniform spacing of the anode and cathode can be achieved with atomic
resolution, therefore, the space charge problem can be avoided.
In solid-state (normally semiconductor materials) thermionic devices, the
emitted charge carrier traverses a solid medium rather than a vacuum. The
phenomenon used in semiconductor thermionic devices is similar to the con
ventional vacuum-based thermionic engine.

That is, electrons possessing

a sufficiently high value of kinetic energy overcome the retarding potential
barrier at the cathode junction, sweep through the barrier, and release their
kinetic energy to the anode. As energy is carried out of the cathode, the
cathode is cooled down. Meanwhile, heat is conducted back to the cathode
by phonons from hot side, which is also heated up by the energetic electrons.
To have a high cooling efficiency, electrons should ideally traverse ballistically through the barrier between the cathode and anode, so that the kinetic
energy of electrons in the barrier is converted to phonons at a minimal level.
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This requires that the mean-free path, A, of the electron in the barrier be
longer than the thickness, l of the barrier (Mahan and Woods, 1998). This
makes the barrier thickness, l rather small. The minimum thickness, denoted
as lu to prevent the electron from tunnelling through the barrier is:
7rh
2kBT
X> l > l
The barrier thickness, Z, must satisfied the inequality stated above, in
order for the cross-barrier motion to be ballistic. For most commonly used
semiconductors in quantum wells and superlattices, the value of lt is between
5 - 1 0 nm, and typical values for electron mean-free path in semiconductors
are in the order of 50 - 100 nm.
Mahan et al (1998) gave a theoretical treatment of thermionic energy
conversion, and they showed that the temperature difference across a single
barrier should be small; otherwise, there will be unacceptable heat conduction
losses. A multilayer system can be used to minimize the thermal conduction.
Therefore, the efficiency of the thermionic device can be improved.

The

multilayer configuration will be discussed later in the chapter First, a single
barrier system of quantum well structure is presented here, and for simplicity,
all the charge carriers are assumed to be positive.
Figure 2.4 is the conduction band diagram of a single-barrier thermionic
device with an applied bias. As in the vacuum device, the standard Richard
son’s equation for the thermionic current over a work function; in this case
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Emitter
(Cathode)

Barrier

Collector
(Anode)

Figure 2.4: Energy level diagram of a single-barrier thermionic cooling device
with applied bias, V. (¡>c and 4>h are the barrier heights in the anode and
cathode respectively.
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the barrier height of semiconductor quantum well is used. The electrical cur
rent density (J) and the heat current density (JQ) in terms of the hot (TH)
and cold (Tc) temperatures are given as:
J = M fa T c ) - Jr{4>, T/.j) exp(—e6V/kBTn)
eJg — [e</>+2/c£Tc] Jr ((/>, Tc) —[e<l)+2kBTH]JR(<f), TH) exp(~e5V /kBTH)

(2.21)
Th - T
Rth

2 22)

( .

where
Jr is Richardson’s current in equation (2.14), and

Rth is the thermal resistance of the barrier.
The efficiency of a single barrier is defined as the heat flow divided by the
input power:
V=

JS l
J6V

As discussed above, the barrier must be very thin in order to have a high
efficiency of cooling. However, a thin barrier will cause thermal resistance
of the barrier to be large, and the thermal conduction losses will outweigh
the thermionic cooling, unless the temperature difference, A T = Tr - Tc
is small. For this reason, Mahan and his co-workers proposed a multilayer
device (Mahan and Woods, 1998).

2.3.3 Multilayer Devices
There are several reasons why the thermionic refrigerator may be more ef
ficient as a multilayer device. In a single-barrier device as discussed above,
the device is relatively more efficient if the temperature difference is small.
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c

This “relative efficiency ” is compared with the Carnot limit r)c = TC/AT.
A large temperature difference can be attained by having N layers, where
N is large enough to obtain required maximum cooling. It is to be noted
here that the efficiency of a multilayer device cannot be calculated simply by
scaling up the result for a single barrier. It is important to include the Joule
heating of the electrons in the middle of the device, and to allow for the flow
of this heat out of the ends. A second reason for using multilayers is that
the thermal conductivity is very small in these systems. In semiconductor
superlattice structures, for instance, the superlattice has a thermal resistance
about ten times larger than the resistance of the material in it (Yu et al.,
1995; Lee et al., 1997; Hyldgaard and Mahan, 1997). The scattering from the
interface gives a large thermal resistance (Swartz and Pohl, 1987; 1989). This
significant increase in the thermal resistance due to boundary scattering is
an important aspect of getting high efficiency from the multilayer thermionic
device.
Now, consider the theory of multilayer thermionic device. Let the device
consists of alternate layers of conductor and barrier. The barrier layers are
semiconductors. The conducting layer is also a semiconductor in this dis
cussion. Therefore, the multilayer device is a semiconductor superlattice. A
metal can be used as a conducting layer, in such case, the device is metalsemiconductor-metal system. It is assumed that the electrons traverse the
barrier layers ballistically, and are then thermalized in the next conducting
layer. A schematic diagram of multilayer thermionic device is shown in Fig-
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ure 2.5.

In this discussion, the net heat current is assumed to flow from

left to right. Let the voltage change across each barrier be dV3. This value
changes from the first to the last layer. This change is due to the generation
and flow of heat. The electrical current density {J3), and the heat current
density (JQj) across the jth barrier are given as (Lough et a/., 2001):
Jj = A T ? l exp

jin

(x
(

ksT j-1
, xt/

i

- ATf exp

2 /c 5 T j _ i

+ SVj "I------ ~—
rT/

i ,

2 k$Tj

—e{4>j-1 + SVj)
ksTj

AT3_ l exp

\kBT j-1)
1 + SVj)
kj^Tj

ATj exp (

Tj R j(N )
jout
JQj

(2.23)

(2.24)

2KgTj\
o
4>j H----- — - ) ATj exp
( x , 2kBTj+i\
2
U j + -----------I ATj+1 exp
Tj+i ~ Tj
RJ+l(N)

—e{4>j + SVj+1)
kjBTj+i

.

(2.25)

where
R j(N ) is the thermal resistivity of the jth barrier for an N barrier system,
is the heat current entering the jth electrode, and
Jq * is the heat current leaving the jth electrode.
The above expressions can be used to modelling thermionic multilayer
refrigeration. The experimental work in this thesis was to build a multilayer
thermionic refrigerator.

The design of this device and their experimental

results will be presented in the following chapters.

30

Figure 2.5: A schematic diagram of a multilayer thermionic device.
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Chapter 3
EXPER IM EN TAL METHODS
This chapter outlines the experimental techniques applied in this project.
Section 3.1 presents the thermoelectric measurements, which served as a
foundation of the thermionic devices, because similar principles apply to both
thermoelectric and thermionic effects, as described in Chapter 2. Section 3.2
describes the major work conducted in this project. The design of thermionic
multilayer device structures is first presented in section 3.2.1, followed by the
experimental methods for current-voltage (I-V) characteristic measurements.
Temperature measurements of thermionic devices is discussed in section 3.2.3.

3 .1

T h erm o e lec tric M e a su rem en t

The commercial thermoelectric cooler, sometimes refer to as a “Peltier de
vice ” was used in this project to observe cooling and heating trends based
on the thermoelectric effect.

A single-stage thermoelectric cooler module

with dimensions of 40 x 40 mm square, and approximately 4 mm thick, was
used in all the measurements. The module has the following specifications:
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Maximum input current, Imax is 8 A. The maximum heat pumping capacity,
Qmax is 75 Watts, and the maximum temperature difference between the
hot and cold side of the module with no heat load, A Tmax, is 65 °C. The
thermoelectric (TE) cooler consists of elements of semiconductor material
that are connected electrically in series and thermally in parallel.

These

T E elements and their electrical interconnects are mounted between two ce
ramic substrates. The substrate serves to hold the overall structure together
mechanically and to insulate the individual elements electrically from one
another and from external mounting surfaces. The experimental set up of
this single-stage T E module is shown in Figure 3.1. J-type (iron-constantan)
thermocouples were used as a temperature sensors in this experiment. The
cooling and heating curves obtained will be presented in Chapter 4.

3 .2

T h e r m io n ic M e a su re m e n t

3.2.1 Device Structures
The schematic of the device structure is depicted in Figure 3.2. The mul
tilayer thermionic cooler structure used in this work were grown on a n+GaAs substrate by Metal Organic Chemical Vapor Deposition (MOCVD).
The structure consists of ten periods of GaAs-Alo.07Gao.93As barrier layers
surrounded by heavily doped 77-GaAs cathode and anode layers with thick
ness of 100 nm, and doped to 2 x 1018 c m '3. The periodic barriers are
undoped with thickness of 50 nm. The barrier heights in the cathode and
in the anode were 70 meV. This was determined by the band-edge discon-
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Figure 3.1: A schematic diagram of the experimental set up to test the
cooling and heating of a thermoelectric cooler.
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AuGe metallazation
n+- GaAs
( 2 x 1018cm'3)
d = 100 nm
Alo.o7G a o.93A s ( 5 0 n m )

GaAs (5 0 nm)
A lo.o7G a o.93A s ( 50 nm )

n+“ GaAs
( 2 x 1018cm'3 )
d = 100 nm

n+ - GaAs Substrate
, o

Hn 18

-3 x

( 2 x 1 0 cm )
d = 450 |Lim

InGa eutectic

F ig u r e 3 .2 : S c h e m a t ic d ia g r a m o f a m u lt ila y e r t h e r m io n ic c o o le r b a s e d o n
G a A s - A lo . 07G a o .93A s s e m ic o n d u c t o r h e t e r o s t r u c t u r e s .

tinuity between heterolayers of A U G a ^ A s with A1 mole fraction of 0.07.
AuGe was used for top contact metallization, and InGa eutectic was used for
bottom substrate contact. Growth and device fabrication were performed at
Electronic Material Engineering Laboratory, Australian National University,
Canberra, Australia.
Figures 3.3 and 3.4 show the mesa and metallization arrangements of
the devices in the first and the second generation designs, respectively. For
both designs, the devices were fabricated on standard one inch wafers. The
mesas were arranged in such a way to test the cooling effect due to different
sizes and for future contactless optical technique measurement. In the second
generation devices, the material structure was similar to the first generation
design, the only difference being the arrangement of mesas. In the second
generation design, the sizes of mesas were restricted to 3 mm and 6 mm for
convenient measurement using a microthermocouple. Also, AuGe metalliza
tion was deposited on the substrate as a reference device. The detailed mesas
size for both designs are given in Tables 3.1 and 3.2.
The experimental arrangements for measuring current-voltage (I-V) char
acteristics and the cooling effect of the devices are described in the following
sections.
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Size of Mesa

Figure 3.3: Mesa and metallization for the first generation device. The dark
circles are AuGe metallization. The diagram is not drawn to scale.
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Size of mesa

Figure 3.4: Mesa and metallization for the second generation device. The
dark circles are AuGe metallization. The diagram is not drawn to scale.

NUMBER
OF MESAS

MESA
DIAMETER (mm)

QUANTITY

METALLIZATION

2

6

2

4.0 mm circle centered

2

3

2

2.0 mm circle centred

6

2
2
2

2
2
2

1.2 mm circle centred
1.0 mm circle offset
1.2 mm half circle

8

1
1
1

4
2
2

0.6 mm circle centred
0.4 mm circle offset
0.6 mm half circle

Table 3.1: The size of mesas and their metallization for first generation
samples.
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NUMBER
OF MESAS

MESA
DIAM ETER (mm)

QUANTITY

METALLIZATION

2

3

2

2 mm circle centred

3

6

3

4 mm circle centred

1
2
1

4 mm on substrate
2 mm on substrate
1.5 mm on substrate

4

Table 3.2: The mesas size and their metallization for second generation sam
ples.
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3.2.2 Experimental Method For Current-Voltage Mea
surement
The experimental set up for measuring current-voltage (I-V) characteristics is
shown in Figure 3.5. The sample was first mounted onto a 1-cm thick brass
block heat sink. Copper wire of 0.25 mm diameter was cut into appropriate
lengths and then attached to one end of the AuGe metallization contact of
the device using silver paint. Figure 3.6 shows how the sample was mounted
onto the brass-block heat sink and the copper wires connected to the top
and bottom contacts of the device. For measurements taken on the second
generation device, however, the copper wire probe was pressed on to the
contact instead of held using silver paint. Forward and reverse biases vary
from 0.01 mV to 1.0 V were applied to the devices. The results are presented
in chapter 4.

3.2.3 Experimental Method For Temperature Measure
ment
In this section the experimental technique for studying temperature charac
teristics of the thermionic multilayer devices is presented.
Figure 3.7 shows how the temperature measurement is arranged. After
trials of different arrangements to improve the reliability of the data collec
tion, the final technique used is shown here. 0.25 mm and 0.125 mm J-type
(iron-constantan) thermocouple wires were used for temperature measure
ment. The reference junction of the micro-thermocouple was maintained at
0 °C in an ice bath. All the measurements in this experiment were conducted
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Wafer
Indentation

Plastic screw
Metal screw
Brass Block

Figure 3.5: A schematic diagram showing how the wires are attached to the
thermionic cooling device and brass-block heat sink.
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D.C.
Power Source

Figure 3.6: The experimental set up for current-voltage (I-V) characteristic
measurements of the thermionic cooling device. The diagram is not drawn
to scale.
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Figure 3.7: A schematic diagram of the experimental set up for temperature
measurements of the thermionic cooling device. The black bars are the met
allization of the device: the top bar is AuGe metal and the bottom is InGa
eutectic. The diagram is not drawn to scale.
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at room temperature. Calibration of thermocouple was performed in order
to confirm the e m f (electromotive force)-to-temperature relationship for the
device. Calibration by comparison methods were conducted, where a liquid
baths (both ice and liquid nitrogen) was used. The e m f of the thermocou
ple was determined by linear interpolation from the ITS-90 table. National
Instrument Data Acquisition (NIDAQ) PCI-MIO-16XE-10 and PCI6023E
multifunction boards were used in conjunction with Igor Pro 4.01 software
for data collection and analysis. The results obtained are discussed in the
next chapter.
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Chapter 4
RESULTS A N D DISCUSSION
4 .1

T h e r m o e le c tr ic M e a su r e m e n t

Although the major work in this thesis is on thermionic multilayer refrig
eration, a preliminary study of thermoelectric cooling device was carried
out. Due to the sim ilarity in the principle apply to the thermoelectric and
therm ionic devices, the measurements taken on the thermoelectric device
were a useful introduction to the study of thermionic cooling device.
The temperature of a single module thermoelectric cooler versus time is
shown in Figure 4.1. A voltage of 4 V was applied to the cooler. The heating
of the sample is the solid line, and the cooling is represented by the dash
line. Note that when the D. C. power source was turned on, for the first
20 seconds, one side of the module cooled rapidly, whereas the other side of
the module heated up rapidly. After 100 seconds, the temperature difference
across the module gradually became steady. A similar pattern of heating and
cooling was also observed when 8 V was applied to the sample, as shown in
Figure 4.2. In this case, the temperature difference across the module was
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Figure 4.1: Temperature as a function of time for a thermoelectric cooler.
The voltage applied is 4 V and the current is 1 A.
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Temperature (°C)
Figure 4.2: Temperature as a function of time for a thermoelectric cooler.
The voltage applied is 8 V and the current is 2 A.
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greater than in the 4 V one.
Figures 4.3 to 4.8 show the temperature of the thermoelectric cooler ver
sus time for different applied voltages. Unlike the preceding results, the data
shown in these figures were collected when one side of the cooler was mounted
on to a brass heat sink, and thus the reference temperature measured refers to
the heat sink temperature; which is at almost constant throughout the exper
iment. The thermoelectric module operated either in the heating or cooling
mode by reversing the polarity of the applied D.C. power. Figures 4.3 to 4.5
demonstrate when the thermoelectric module was operated in heating mode,
whereas, figures 4.6 to 4.8 show the thermoelectric module operated in cool
ing mode. The graphs further show that the heating was increased when the
current injected to the device was increased. Meanwhile, when the module
was operated in cooling mode, it became cooler when the current injected to
it was increased. The temperature difference of the thermoelectric module is
derived by subtracting the temperature of the cold side from the temperature
of the hot side.

4 .2

T h e r m io n ic M e a s u r e m e n t

This section presents the results of the multilayer thermionic cooling devices
investigated in this research. The basic device characteristic is its currentvoltage(I-V) relationship. This is a more easily measured quantity. In this
section, the I-V characteristics of the devices are discussed first, followed by
the devices’ temperature measurements. The discussion is divided into two

49

Time (s)

Figure 4.3: Temperature as a function of time for a single module thermoelec
tric cooler. The current through the cooler is 1 A. The graph demonstrates
the thermoelectric module was operated in heating mode.
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Time (s)

Figure 4.4: Temperature as a function of time for a single module thermo
electric cooler. The current through the cooler is 2 A. The graph show the
thermoelectric module was operated in heating mode.
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Figure 4.5: The thermoelectric module operated in heating mode. The cur
rent injected to the module was 3 A.
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Temperature ( °C)

Time (s)

Figure 4.6: Temperature versus time for a single module thermoelectric
cooler. The current through the cooler is 2 A. The graph shows the thermo
electric module was operated in cooling mode.
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Temperature ( °C)
Figure 4.7: The cooling curve for a single module thermoelectric cooler. The
current through the cooler is 3 A.
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Temperature ( °C)
Figure 4.8: The cooling curve for a single module thermoelectric cooler. The
current through the cooler is 4 A.
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parts: The first part is concerned with the TV relationships and the tem
perature measurements of the first generation multilayer thermionic cooling
devices. The second part of this section contains the results obtained from
the second generation devices.

4.2.1 The First Generation Multilayer Thermionic Cool
ers
Figure 4.9 shows the current behaviour of the first generation multilayer
thermionic cooling devices, for mesa diameter of 2 mm, 3 mm and 6 mm
(referred to as 2 mm, 3 mm, and 6 mm hereafter), under forward and reverse
bias of up to 100 mV. It is to be noted that the definitions of forward and
reverse bias used in this thesis differ to usual textbooks’ definition. This is
because the cooling effect in the thermionic devices occurs when the negative
bias is applied to the top of the device. To avoid confusion when discussing
the temperature measurements of the devices on all the I-V curves presented
in this thesis, forward bias is plotted in the positive region of the graphs, and
the reverse bias is located at the negative region of the graphs. The definition
of forward bias used in this thesis is when the voltage applied to the top of
the device is negative. Reverse bias refers to when the voltage applied to the
top of the device is positive.
Examination of Figure 4.9 shows that the devices with mesa diameter
of 2 mm and 3 mm were linear in both bias directions. For the device with
mesa diameter of 6 mm, however, the reverse bias was less linear compared to
the forward bias. The I-V curve was anti-symmetric. Figures 4.10 and 4.11
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Figure 4.9: Current-Voltage (I-V) characteristics of the first generation de
vices. The diameter of the mesa are 2 mm, 3 mm and 6 mm, respectively.
The inset shows how the measurement was taken.

57

Temperature ( °C )

Figure 4.10: Temperature versus time for the first generation device. The
device was under forward bias (as shown in the inset) from 0.7 V to 1.20 V.
The mesa diameter is 3 mm.
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Figure 4.11: Temperature versus time for the first generation device. The
device was under reverse bias (as shown in the inset) from 0.7 V to 1.20 V.
The mesa diameter is 3 mm.
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60

show the temperature versus time for one of the 3 mm devices. Forward and
reverse bias varying from 0.7 V to 1.20 V was applied to the device. Figure
4.10 is the graph when the device was under forward bias, whereas Figure
4.11 is the graph for the device under reverse bias. The first 10 seconds was
referred to as a reference curve. The current was switched on after 10 seconds.
Examination of these figures indicate that for a large DC voltage, the device
heated up more than a small applied voltages. Figures 4.12 and 4.13 represent
the forward and reverse bias to the device for particular selected voltages.
Note that only the biases of 0.70 V and 1.20 V are shown here for the purpose
to illustrate the trend of heating at the lowest, and at the highest applied
voltage conducted in this experiment. The graphs reveal that the reverse
bias gives more heating than the device under forward bias.
The temperature difference against applied voltage for both forward and
reverse bias is plotted in Figure 4.14.

Although no absolute cooling was

revealed in the first generation devices, the graphs shown here indicate there
is relative cooling.

Due to unintentional damages to the first generation

devices, more thorough investigations of the devices were unable to be carried
out. Therefore, it is unfortunately impossible to make a clear conclusion on
this first generation devices. The second generation devices were, therefore,
designed. The following section presents the results obtained from the second
generation multilayer thermionic cooling devices.
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Figure 4.12: Temperature versus time for the first generation device. The
mesa diameter is 3 mm. The graph shows both forward and reverse bias of
0.70 V applied to the device.
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Temperature (°C)

re v e rs e b ia s

Time (s)

Figure 4.13: Temperature versus time for the first generation device. The
mesa diameter is 3 mm. The graph shows both forward and reverse bias of
1.20 V applied to the device.
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Figure 4.14: Temperature difference against applied voltage for the first gen
eration device. The mesa diameter of the device is 3 mm.
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4.2.2 The Second Generation Multilayer Thermionic
Coolers
In the second generation multilayer thermionic cooling devices, the material
structure was similar to the first generation design. The detailed design in
formation has already been described in Chapter 3, section 3.2.1. In these
second generation devices, NIDAQ PCI6023E multifunction board was used,
to collect temperature data. The experimental techniques had been improved
to optimize the results. The experimental configuration is shown in Figure
3.7. The signal from a thermocouple is relatively small, for example 1.019 mV
at 20 °C for a type J thermocouple. Because of this small signal, thermocou
ples are sensitive to errors caused by noise. The noise on the thermocouple
signal can be reduced by use of filters. In the temperature measurements
performed on the second generation devices, a low-noise preamplifier (Stan
dard Research Model SR560) was used to amplify the thermocouple output.
Low-pass filter was selected to exclude all the high frequency noise. In this
experiment, frequencies higher than 10 Hz were excluded. Before the tem
perature profiles for second generation devices were analyzed, a series of
current-voltage (I-V) measurements were conducted for the different devices
in order to study the devices’ behaviour under various forward and reverse
biases.
Figure 4.15 shows the I-V characteristics for the device with mesa diam
eter of 6 mm. This device is referred to as device A in this thesis. The bias
applied to the device ranged from -1 .0 V to 1.0 V. The device does not
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1
1.2

Figure 4.15: The I-V characteristics for the second generation device labelled
A. The diameter of the mesa is 6 mm. The inset shows how the measurement
was taken.
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breakdown at this voltage. The reason applied bias of up to 1.0 V was ap
plied to the device was to observe its behaviour at the higher voltage range.
The I-V curve for device A in Figure 4.15 is non-linear, but symmetric. The
device behaved like a Schottky diode.
When temperature measurements were performed on this device, the re
sults were similar to the first generation devices. Note that the temperature
measurements conducted with the second generation devices were different
to the first generation devices. The experimental set up has already been
given in Chapter 3.
Figures 4.16 to 4.19 show the temperature versus time for device A under
various values of forward and reverse bias. When the current is switched
on, there is always a “jump ” of thermocouple emf (electromotive force). To
investigate what causes the “jump ” , a series of experiments were conducted.
To see whether the “jump ” was due to the resistive voltage, an on-off
current cycle was performed on the devices. Before the current was turned
on, the thermocouple measured a constant temperature of the device, which
was at room temperature. This is referred to as the reference temperature.
Immediately after the current was switched on, the thermocouple em f“jump
’’ rapidly. After about 30 seconds, when the current was turned off, again,
thermocouple emf dropped rapidly, and then decayed slowly. The length of
the “jump ’’ and “drop ’’ was measured to be equal in size. It is obvious that
the jum p was due to the resistive voltage, and it must not be included in the
calculation to obtain the relative cooling. This observation shows that there
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Thermocouple emf (mV)

Temperature ( °C)

Time (s)

Figure 4.16: Temperature as a function of time for second generation device.
The mesa size is 6 mm (device A). The applied bias to the device was 0.65 V.
The graph shows both forward and reverse bias.
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Figure 4.17: Temperature as a function of time for the second generation
device. The mesa size is 6 mm (device A). The applied voltage was 0.75 V.
Both forward and reverse bias applied to the device are shown here.
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Figure 4.18: Temperature as a function of time for the second generation
device. The mesa size is 6 mm (device A). The applied voltage was 0.80 V.
Both forward and reverse bias applied to the device are shown here.
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Thermocouple emf (mV)

Temperature

( 0 C)

Figure 4.19: Temperature as a function of time for second generation device.
The mesa size is 6 mm (device A). The applied bias to the top of the device
was 0 90 V. The graph shows both forward and reverse bias.
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was no relative cooling observed for the first generation devices as previously
suggested. The heating curves showed in the first generation devices were
identical to the second generation devices. The “jump ’’ observed after the
current switched on was due to the resistive voltage, as has been observed in
the second generation devices.
The jump ” was later found out to be depend on the compressive stress
applied between the tip of the thermocouple and the metallization surface of
the device. The greater the compressive stress applied, the higher the jump
that was observed. This behaviour is revealed in Figures 4.20 and 4.21.
Figure 4.20 is the graph when forward bias of 0.9 V was applied to the
device, whereas, Figure 4.21 is the graph when the device was under reverse
bias. To study whether the “jump” would fre affected if a smaller DC voltage
was used, the experiments under various compressive stress as described in
the above paragraphs were conducted for forward and reverse bias of 0.7 V.
The result shown in Figures 4.22 and 4.23 reveal that the “jump” exists re
gardless the bias applied to the device.
Further experiments were conducted to check whether the compressive
stress one applied to the thermocouple would influence the results of the
temperature data.

Temperature versus the measurements for various for

ward and reverse bias from 0.5 V to 1.1 V were performed under various
compressive stresses. The results obtained are presented in Figure 4.24 to
4.27. Apart from the initial rapid increase in thermocouple emf shown in
the graphs, the measurements of the thermionic heating curves are Quite
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Thermocouple emf (mV)
Figure 4.20: The effect of thermocouple emf depends on compressive stress
applied to the thermocouple, (a) large compressive stress, (b) medium-large,
(c) medium-less, and (d) less. The applied bias to the device A was 0.9 V
under forward bias. On-off current mode is shown here, where the applied
voltage was switched on after ten seconds and switched off after a further
thirty seconds.
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Thermocouple emf (mV)

Time (s)
Figure 4.21: Repeating the experimental measurement as in Figure 4.21, but
the reverse bias of 0.9 V was applied to the device, (a) to (d) as defined in
Figure 4.20.
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Thermocouple emf (mV)
Figure 4.22: Repating the experiment on the effect of compressive stress of
thermocouple to the device as in Figure 4.20. The graph shows here the
results for reverse bias of 0.7 V applied to device A. (a) to (d) as defined in
Figure 4.20.
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Thermocouple emf (mV)
Figure 4.23: As in Figure 4.22, but the forward bias of 0.70 V was applied
to the device.

75

1.1 v

1.160 —

Thermocouple emf (mV)

1.155 —

1.150 -

1.145 -

1.140 -

1.135 —

0

10

20

30

40

50

Time (s)
Figure 4.24: Thermocouple emf versus time for device A under forward bias
varied from 0.5 V to 1.1 V. The graph shows the effect of thermocouple emf
when less compressive stress is applied to the thermocouple. No spike in the
thermocouple emf is observed.
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60

Thermocouple emf (mV)
Figure 4.25: Similar to Figure 4.24, but the reverse bias was applied to the
device.
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Thermocouple emf (mV)
Figure 4.26: Similar to Figure 4.24, but in this case a large compressive stress
to the thermocouple was applied, and the device was under forward bias.
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Thermocouple emf (mV)
Figure 4.27: As in Figure 4.26, however reverse bias varied from 0.5 V to
1.1 V was applied to the device.
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consistent.
Figure 4.28 shows the comparison of thermocouple emf behaviour between
two compressive stress applied to the thermocouple against the metallization
surface of the device. The graph shows that the heating curves are the same
in shape. Therefore, any compressive stress applied to the thermocouple will
not affect the temperature results. Note that the curve for the thermocou
ple under small compressive stress shown in Figure 4.28 has been offset to
illustrate the results.
Figure 4.29 is the plot of device A (6 mm), showing the temperature
difference (A T ) as a function of input power, for both bias directions. A T
is calculated between the room temperature (reference temperature) and the
temperature measured 30 seconds after the voltage has been applied to the
device. The graph shows no change in A T , therefore, there is no relative
cooling observed in device A.
The following discussion is based on device B, which has same mesa size
as device A. However, in device B the I-V characteristics differs to the device
A. In device B, the I-V curve shows almost linear and symmetric behaviour.
The result is plotted in Figure 4.30.
Similar temperature measurements as those performed for device A were
repeated for device B. The plot in Figure 4.31 shows the behaviour of heating
under forward and reverse bias when on-off current mode was conducted. The
graph shows a similar trend to that of device A. That is when the current is
initiated or interrupted, the immediate change in thermocouple emf before
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Thermocouple emf (mV)
Figure 4.28: Comparison of how the compressive stress to the thermocouple
influences the temperature measurement of the device. The graph shown
here is device A under reverse bias of 1.1 V. Only large compressive stress
(a) and less compressive stress (b) of thermocouple are shown here.
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Figure 4.29: Temperature difference against input power for device A. The
measured unit for temperature difference is expressed in thermocouple emf.
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Figure 4.30: Current-Voltage (I-V) characteristics for the second generation
devices labelled B (6 mm) and C (3 mm). The inset shows how the measure
ment was taken.
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Thermocouple emf (mV)
Figure 4.31: The graph of device B under forward and reverse bias of 0.9 V,
when the on-off current mode was applied to the device.
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it begins to rise or decay. In device B, however, the rapid thermocouple emf
increase is less apparent in this case.
Figure 4.32 and 4.33 show the temperature versus time for device B under
forward and reverse bias from 0 V to 1.1 V. For the purpose of the performed
analysis, the graphs shown in the remaining thesis are limited to the experi
mental data collected when less resistive voltage appeared in the data. The
large resistive voltage rejected from the study for the following reasons.
(a) The actual heating region (referred to as “thermionic heating curve” )
are similar and always almost equal regardless the compressive stress applied
to the thermocouple against the metallization surface of the devices for a
particular applied bias.
(b) The current through the device did not change with the compressive
stress applied to the thermocouple. This observation is tabulated in Table
4.1.
Voltage
bias (V)

Forward
current (mA)

Reverse
current (mA)

Compressive
stress

0.9

114.3
114.0

133.1
135.5

small
large

0.7

61.7
62

70.7
72.1

small
large

0.5

30.3
30.9

33
33.6

small
large

Table 4.1: The relationships between current-injection to the top of the device
and the compressive stress applied to the thermocouple for device labelled A
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Temperature (°C)

Thermocouple emf (mV)

1.1 V

Figure 4.32: Temperature as a function of time for device B. The device was
under forward bias from 0.5 V to 1.1 V.
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Figure 4.33: Temperature as a function of time device B. The device was
under reverse bias from 0.5 V to 1.0 V.
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Figure 4.34: Temperature difference against input power for device B.
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Figure 4.34 gives the temperature difference against input power for de
vice B. No change in temperature difference was observed.

Therefore, no

relative cooling occurred in device B.
To study whether the thermionic cooling is dependent on the size of the
device, the 3 mm device (labelled C) was used for this purpose. The I-V
characteristics (Figure 4.30) of device C show the non-linearity and anti
symmetric behaviour.
The temperature measurement results of device C were shown in Figure
4.35 to 4.37. Again, similar behaviour of heating curves as in device A and B
were observed. The temperature difference versus input power was plotted in
Figure 4.38. No change of temperature difference was observed. For all three
tested devices (labelled as A, B, and C), the change in temperature difference,
A T (measured in thermocouple emf unit) was found to be dependent on
devices’ size. For instance, with 100 mW of input power, A T in the larger
devices (6 mm) was about 10 /iV and 15 ¡TV for device A and B, respectively.
In contrast, for the device of mesa size of 3 mm, with similar input power was
found to have a temperature difference of 20 /¿V. The smaller device generated
more heat than the larger devices. Note that even device A and device B have
similar mesa size, a small difference in A T (approximately 5 /iV measured in
thermocouple emf unit) was observed. Since the TV characteristics for device
A (Figure 4.15) tended to behave like a Schottky diode, compared to device
B (Figure 4.30) which was more linear. This probably due to the variation
of AuGe metal thickness deposited on the top contacts for each device.
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Thermocouple emf (mV)

Time (s)
Figure 4.35: Thermocouple emf against time for device C (3 mm). Forward
and reverse bias of 0.9 V was applied to the device. The graph shows the
behaviour in on-off current mode.
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Thermocouple emf (mV)

Temperature (°C)
Figure 4.36: Temperature as a function of time for device C. The device was
under reverse bias from 0.3 V to 1.0 V.
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Thermocouple emf (mV)

Temperature (°C)
Figure 4.37: Similar to Figure 4.36 but the device was under forward bias
from 0.5 V to 1.2 V.
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Figure 4.38: Temperature difference as a function of input power for device
C.
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Figure 4.39: The I-V curve for substrate metallization labelled B (1 mm).The
inset shows how the measurement was taken.
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Figure 4.41: Temperature as a function of time for the substrate labelled B.
Reverse bias from 0.2 V to 0.8 V was applied.
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Figure 4.42: Temperature difference against input power for substrate B.
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Figure 4.43: Temperature difference as a function of current for substrate B.
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The substrate with different metallization size, one with diameter of 1 mm
(referred to as substrate B) and the other with metallization of 6 mm (referred
to as substrate A ), served as reference devices in this project were studied.
The I-V characteristics for these devices show asymmetric behaviour. Their
I-V curves are similar to the I-V characteristics of a p-n diode. Figures 4.39
and 4.44 are the graphs of I-V characteristics for substrate B and substrate A,
respectively. When the top of the substrate was positively biased (referred to
as reverse bias in this thesis), the current injected to the substrate increased
rapidly with increasing bias. Therefore, the substrate heated up more rapidly
when it was under reverse bias. The comparison of these behaviours was
plotted in Figures 4.40 and 4.41 (substrate B), whereas Figures 4.45 and
4.46 referred to substrate A.
The temperature difference as a function of input power for both substrate
A and B are shown in Figure 4.42 and 4.47, respectively. The graphs appear
to show relative cooling. However, this conclusion is unacceptable for the
following reasons.
(a)

The I-V characteristics are non-linear and highly asymmetric for

both substrate devices under forward and reverse bias. For example, consider
substrate B under reverse bias of 1.0 V. The current was found to be about
500 mA, whereas the forward bias only had 50 mA. This was because of the
different metallization contacts on the top and the bottom of the substrate.
The top of the substrate was AuGe metallization, and the bottom of the
device was InGa eutectic.
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Figure 4.44: The I-V curve for substrate metallization labelled A (6 mm).
The inset shows how the measurement was taken.
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Thermocouple emf (mV)
Figure 4.45: Thermocouple emf versus time for substrate A under reverse
bias from 0.3 V to 0.7 V.
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Figure 4.46: Thermocouple emf versus time for substrate A under forward
bias from 0.4 V to 1.1 V.
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(b) The input power is defined as the product of the measured current and
voltage bias across the device. As mentioned in (a), when the substrates were
given a constant applied voltage, both forward and reverse bias produced
different current values. Therefore, if the temperature difference was plotted
against input power, the results obtained was ambiguous.
From the above stated reasons, therefore, the temperature difference
against current-injected to the substrates were considered. The results are
presented in Figure 4.43 and 4.48. The graphs revealed no temperature dif
ference when the substrates under both bias directions. Thus, there is no
relative cooling found in these substrates.
Figure 4.49 and 4.50 are the I-V characteristics for different combinations
of device-substrate measurements. The purpose of these experiments were
to confirm the behaviour of devices and substrates. In both graphs, the I
V relationships displayed non-linearity and asymmetry behaviour as in the
previous devices and substrates measurements, thus the difficulty to measure
the cooling was explained.
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inset.
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Chapter 5
C O N C L U SIO N
Semiconductor multi-quantum-well structures play an important role in the
new generation of microelectronics and optoelectronics devices.

In recent

years the research in this field has been further expanded into the use of
semiconductor multilayer in solid-state power generation and refrigeration. A
new method of refrigeration has been recently proposed (Mahan, 1994) which
is based on thermionic emission of electrons. The theoretical studies showed
that the refrigeration based upon thermionic emission are more efficient than
any known refrigerators.
This thesis investigated the cooling effect exhibited in multilayer thermionic
cooling devices. The structure of the test multilayer thermionic coolers used
in this research, consisted of an active layer of 500 nm thick, sandwiched
between two layers of heavily doped n-type GaAs of 100 nm thick.

The

active layer itself consisted of ten periodic of alternating layers of undoped
AlGaAs and GaAs. The barrier heights in the cathode and in the anode (in
this research the cathode and the anode were heavily doped n-type GaAs)
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were 70 meV. This was determined by the band-edge discontinuity between
heterolayers of A lxG ai_xAs with A1 mole fraction of 0.07.
A series of experiments were conducted to examine the current-voltage
(I-V) characteristics and the cooling effect of multilayer thermionic coolers
designed in this research. The I-V characteristics showed differing behaviour
from the devices to the substrate. The I-V characteristics of the devices were
tended to behave like a Schottky diode, whereas the I-V characteristics of
the substrate had p-n diode features. The asymmetric I-V curves obtained
from the substrate was probably due to the junction barrier between the top
surface of the substrate and the metal contact was highly asymmetric and
this lead to p-n junction behaviour in the substrate.
The performance of the coolers were evaluated by measuring the temper
ature at the top surface of the devices under an increasing DC current input.
All the measurements were conducted at room temperature.

The devices

(fabricated on a standard one inch GaAs wafers) were placed on a 1-cm thick
brass-block heat sink, using InGa eutectic. The temperature measurements
were made by directly touching a calibrated micro-thermocouple to the metal
biasing contacts. The thermocouple emf versus time plots revealed that when
the current was initiated or interrupted, an immediate change in thermocou
ple emf occurred before any rise or decay due to a change in temperature.
This immediate changed ( “spike” ) of thermocouple emf was due to the re
sistive voltage. Further experiments showed that this resistive voltage was
dependent on compressive stress applied to the thermocouple; however, the
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compressive stress applied would not affect the results of the measured ternperature.

~

The measurements of temperature difference between forward and reverse
bias plotted against input power showed no cooling observed either in the
devices or in the substrate. There are many factors which caused the failure
in observing any cooling effect in this research. The main factor was probably
due to large Joule heating generated in the large substrate (450 ¿¿m thick).
Possible probe-heating generated by the current-injection probe to the top
of the devices may also affect the measurements of the cooling effect.
In summary, the multilayer thermionic cooling devices designed in this
research, have not yet measured any absolute or relative cooling. The results
presented in this thesis served as a preliminary stage for future investigations
into these multilayer thermionic cooling devices.
Future investigations on multilayer thermionic devices could concentrate
on improving the device’s design. More complete device modelling has to
be done before the device’s package is designed. Additionally, the temper
ature measurement techniques used in this thesis could be revised in order
to optimize the measurements. The very high-speed data collection is rec
ommended to precisely separate the resistive voltages and thermionic cooling
(heating). A new method of temperature measurements, for example, optical
techniques can be employed to study the cooling effect in thermionic device.
Theoretical studies of multilayer thermionic devices by various researchers
worldwide, concluded at this time, show the potential high cooling power.
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However, one should only remain skeptical of the theoretical prediction, and
the experimentalist should keep exploring multilayer thermionic devices.
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Appendix A
THERM OCOUPLES
Temperature is both a thermodynamic property and a fundamental unit of
measurement.

Many physical processes and properties are dependent on

temperature and its measurement is important in industry and science with
applications ranging from process control to the improvement of heat engines.
The range of methods and devices available for temperature measurement are
extensive. These include thermocouples, thermistors, and infrared detectors.
In this project, thermocouples were used as temperature sensors because
of their self-energization, low cost, robust nature and wide temperature range
of operation. The aim of this Appendix, therefore, is to introduce the physical
phenomena of thermocouples and their practical use.
A thermocouple consists of two dissimilar metal wires joined at one end.
A voltage measurement device is connected across the free ends as shown
in Figure A .l.

A net electromotive force (e m f ) will be indicated by the

voltmeter. The e m f is a function of the temperature difference between the
join and the voltmeter connections. The advantages of thermocouples are
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Thermoelement material A

Figure A .l: A simple thermocouple circuit. T1 is the temperature at the
thermoelectric junction and T2 is the temperature at the terminus connec
tions.
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their small size, low cost, versatility and fast speed of response. However,
the major disadvantages of thermocouples is their relatively weak signal. As
an example, the iron-constantan (J-type) thermocouple has approximately
2.6 mV for a temperature difference of 190 °C. This makes the reading sensi
tive to corruption from electrical noise. Furthermore, the output is non-linear
and requires amplification and the calibrations can vary with contamination
of the thermocouple materials and temperature gradients.
The basic physical phenomenon of the thermocouple is that heat flowing
in a conductor produces current and thus an electromotive force. Thomas
Seebeck discovered this in 1823. The electromotive force (e m f) produced is
proportional to the temperature difference and is referred to as Seebeck em f
or thermoelectric potential. Thermocouples can be easy to use, however, it
is also possible to make errors due to installation errors or misinterpreting a
reading. Therefore, a basic understanding of how a thermocouple generates
a signal is essential.
To illustrate how the temperature is measured using a thermocouple,
the following discussion will use the iron-constantan (J-type) thermocouple
as an example. In practical thermocouple circuits, the Seebeck effect plays
an important role. An electromotive force will be generated in a material
whenever there is a temperature difference in that material. The magnitude
of electromotive force is a function of the temperature difference and the
type of material. The Seebeck coefficient is a measure of how the electrons
are coupled to the metal lattice and grain structure.
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Therefore, its value

changes if the material is contaminated, oxidized, strained or heat treated.
The Seebeck coefficient is defined as

S(T) =
v

'

lim ----AT

(A 1)
{
J

A T —>-o

where
S is the Seebeck coefficient, in ¿¿V/K,
A T is temperature difference for cross-section of a conductor, in K, and
A V is absolute Seebeck electromotive force in //V.
The Seebeck coefficient cannot be measured directly. It varies with tem
perature so must be defined by the gradient ^

at a specific temperature.

Therefore, equation (A .l) is rearranged to model the total thermoelectric
electromotive force generated by a practical thermocouple circuit:

dV =

S(T)
dT

(A.2)

If the circuit consists of two different materials, say A and B, then

(SA - SB)dT

where
V is the Seebeck electromotive force (/jV ) ,
Sa is the Seebeck coefficient for material A {nV/K), and
SB is the Seebeck coefficient for material B (nV/K).
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(A.3)

In equation (A .3) the difference in the Seebeck coefficients (SA - SB) is
the relative Seebeck coefficient, and it is usually determined with respect to
reference material such as platinum (Bentley, 1998).
Substituting suitable values for Sa and SB in equation (A.3) gives;

^ —[

JT\

Sab ÛT

where Sab is the relative Seebeck coefficient.

(A.4)
For a constant relative

Seebeck coefficient, equation (A.4) becomes:

v = Sab {T2 =

7i)

aA T

(A.5)

where a is usually referred to as the Seebeck coefficient.
In a practical thermocouple circuit, the Seebeck voltage, V cannot be
measured directly because one must first connect a voltmeter to the ther
mocouple, and the voltmeter leads themselves create a new thermoelectric
circuit. To overcome this problem, the law of intermediate materials is em
ployed. The law states that if material C is inserted between materials A
and B of a thermocouple junction, as illustrated in Figure A .2, it will have
no effect upon the output voltage as long as the two junctions formed by the
additional material are at the same temperature. Since there is no thermal
gradient across the new thermoelectric junctions, the presence of the inserted
material does not contribute to the net electromotive force produced by the
thermocouple. For the iron-constantan (J-type) thermocouple, the thermo
couple circuit is as in Figure A .3. The voltmeter reading is V = a(T\ - Trej ),
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Thermoelement A

Thermoelement B
Figure A .2: Illustration of the law of intermediate materials.
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T2
Figure A .3: A thermoelectric circuit illustrates the application of the law of
intermediatematerials. T2 is the reference temperature keeps at 0 °C in the
ice bath.
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where a is the Seebeck coefficient for an iron-constantan thermocouple, which
is 51 /¿V / °C at 20 °C. By keeping the reference junction, Trey, at 0 °C (ice
bath) provided an accurate and easy reference reading of V. This is because
the ice-point temperature can be precisely realised. The ice-point is used by
the National Institute of Standards and Technology (NIST) as the funda
mental reference point for their thermocouple tables, so one can refer to the
NIST tables and directly convert from voltage to temperature.
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Appendix B
T A B L E OF P H Y S IC A L
CONSTANTS
Elementary charge

e

1.602 x 10~19 C

Mass of electron

me

9.109 x 10~31 kg

Mass of proton

mp

1.673 x 10-27 kg

Boltzmann constant

kß

1.381 x IO“ 23 J K“ 1

Permittivity of free space

É0

8.854 x IO"12 F m “ 1

Permeability of free space

Mo

4n x 10-7 H m-1

Planck’s constant

h

6.626 x 10"34 J s

Stefan-Boltzmann constant

ob

5.670 x 10"8 W m -2 K~4

Electron volt

eV

1.602 x IO"19 J
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Appendix C
PR O P E R TIE S OF GaAs A N D
A l^ G a i_xAs A T R O O M
TEM PERATURE

Notation used in the following table:
a
lattice constant
mass density
P
e9 band gap energy
direct band gap at T-valley
E9
electron affinity
X
mhh effective heavy hole mass
mih effective light hole mass
effective electron mass in T-valley
rrir
longitudinal mass of electrons in lowest X - or L-valley
mi
corresponding transverse mass
mt
static dielectric constant
£b
mobility of electrons
Pn
mobility of holes
P'P
c specific heat
thermal conductivity
K
Values refer to room temperature unless indicated otherwise. Most data
are taken from Adachi (1985) and Sze (1981).
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Property

G aAs

AlAs

AlI Ga(l — x)As

a

0.56533

0.56611

0.56533 +0.000782:

nm

P

5.32

3.76

5.32 - 1.56a;

g/cm 3

Eg

1.424

2.17

1.424 + 1.247a:

X <0.45

eV

1.9 + 0.1252: + 0.1432:2

0.45 < x <1

eV

1.424 + 1.247a;

a;<0.45

eV

1.656 + 0.2152; + 1.147a:2

a;>0.45

eV

a;<0.45

eV

El

1.424

3.018

Range

Units

X

4.07

3.5

4.07- Lia;

mhh

0.51

0.76

0.51 + 0.255a;

m0

mu,

0.082

0.150

0.082 + 0.068a;

m0

mr

0.063

0.150

0.063 + 0.083a:

mf

1.3

1.1

mQ

m?

0.23

0.19

m0

¿b

12.9

10.06

12.90 - 2.84a:

P“n

< 8500

< 200

8.103 - 2.2.104a: + 1 0 V

X <0.45

cm2/V-s

-255 + 1160a: - 720a:2

0.45 < x <1

cm2/V-s

a;<0.41

777-0

P'P

< 400

< 140

370 - 970a; + 740a:2

cm2/V-s

c

0.33

0.45

0.33 + 0.12x

J/g°C

K

0.55

0.91

0.55 - 2.12a: + 2.482

W/cm°C
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Appendix D
GaAs AN D AlAs BAND
STRUCTURE

Ih hh

Ihh

— ► - k space

------------------ ► - k space

GaAs

Al As

Figure D .l: Band structure for the definition of the various direct and indirect
bandgaps.
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